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Summary
Ionizing radiation is extremely harmful for human
cells, and DNA double-strand breaks (DSBs) are con-
sidered to be the main cytotoxic lesions induced [1].
Improper processing of DSBs contributes to tumori-
genesis, andmutations in DSB response genes under-
lie several inherited disorders characterized by cancer
predisposition [2, 3]. Here,weperformedacomprehen-
sive screen for genes that protect animal cells against
ionizing radiation. A total of 45 C. elegans genes were
identified in a genome-wide RNA interference screen
for increased sensitivity to ionizing radiation in germ
cells. These genes include orthologs of well-known
human cancer predisposition genes as well as novel
genes, including human disease genes not previously
linked to defective DNA-damage responses. Knock-
down of eleven genes also impaired radiation-induced
cell-cycle arrest, and seven genes were essential for
apoptosis upon exposure to irradiation. The gene set
was further clustered on the basis of increased sensi-
tivity to DNA-damaging cancer drugs cisplatin and
camptothecin. Almost all genes are conserved across
animal phylogeny, and their relevance for humanswas
directly demonstrated by showing that their knock-
down in human cells results in radiation sensitivity, in-
dicating that this set of genes is important for future
cancer profiling and drug development.
Results and Discussion
To find genes essential for proper cellular responses to
ionizing radiation, we systematically inactivated C. ele-
gans genes independently by RNAi and scored them
for radiation-induced sterility. The nematode C. elegans
is an ideal model organism for identifying genes that
protect cells against ionizing radiation: (1) it is multicel-
lular and experiences canonical cell-cycle and apoptotic
responses to DNA damage [4]; (2) the genome contains
orthologs of virtually all known key DNA-damage
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3 These authors contributed equally to this work.signaling and repair genes [5, 6]; and, perhaps most im-
portantly, (3) systematic gene knockdown is possible in
complete animals on a genome-wide scale [7]—worm
genes can be inactivated by feeding animals on bacteria
expressing double-stranded RNA homologous to a spe-
cific worm gene. We used an RNAi bacterial library that
targets 86% of thew19,000 C. elegans genes [7]. After
synchronization at the L1 larval stage,w15 wild-type an-
imals were grown with RNAi food in liquid cultures for 2
days [8] (see the Supplemental Data available online for
details) and then irradiated with a dose of 140 Gy, and af-
ter 4 days these cultures were scored for the presence or
absence of progeny. A nonirradiated set of cultures was
analyzed in parallel to control for radiation-independent
sterility resulting from knockdown of essential genes.
We screenedw17,000 RNAi clones, and after stringent
filtering that included triplicate confirmations and dose-
response determination (data not shown), 45 genes
were identified that protect the worm germ line against
ionizing radiation (Table 1). Next, we determined the
sensitivity to three DNA-damaging agents: cisplatin,
camptothecin, and MMS. Cisplatin and camptothecin
are both clinically used in cancer treatment because of
their ability to induce double-strand breaks (DSBs) (and
thereby hampering proliferating cells), but they act
through different mechanisms. DNA intrastrand cross-
links induced through the action of cisplatin lead to the
formation of DSBs as a consequence of repair and/or
replication. Camptothecin inhibits topoisomerase-I re-
sulting in covalent enzyme-DNA complexes, which cause
DSBs during replication. MMS methylates DNA, resulting
in base-pairing errors and replication blocks. Several of
the genes identified in the ionizing radiation screen also
display increased sensitivity to the chemical agents
tested (Table 1).
The cellular responses to radiation involve several
partially overlapping and interconnected pathways. In
a simplified hierarchical view, DNA lesions are first de-
tected by the coordinate action of a number of protein
complexes, so-called ‘‘sensors,’’ which subsequently
trigger the activation of ‘‘transducer’’ systems, mostly
protein kinases such as ATM and ATR [9, 10], that prop-
agate, coordinate, and amplify the signal to downstream
‘‘effector’’ components of the response pathway. This
response can trigger cell-cycle arrest to provide time
for DNA repair [11] or, when the cell is heavily damaged,
can induce a signaling cascade leading to programmed
cell death (apoptosis).
To determine at which stage of the DNA-damage re-
sponse the newly identified genes act, we investigated
ionizing-radiation-induced cell-cycle arrest and apopto-
sis, which are spatially separated in the C. elegans germ
line: Germ cells in the mitotic zone of the germ line dis-
play a temporal cell-cycle arrest upon irradiation [12]
(Figures 1A–1C), whereas apoptotic cells become visi-
ble in the pachytene stage of meiotic prophase (local-
ized in the body bend region of the C. elegans gonadal
syncitium). The number of mitotic nuclei was quantified
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1345Table 1. Genes that Protect the Cell against Ionizing Radiationafter irradiation at 120 Gy and 11 RNAi knockdowns
(atm-1, sex-1, ina-1, F08C6.2, C25A1.6, F59C6.4,
F43D2.1, B0416.5, Y54E10BR.4, C01B7.1, and Y67D8C.5)
were identified that failed to trigger cell-cycle arrest after
DNA injury (Figure 1D), thus demonstrating a role for
these genes in the response to DNA damage. To monitorapoptosis, we used acridine orange, which specifically
stains apoptotic bodies [12, 13]. Irradiation of wild-type
worms results in a 4-fold increase of apoptotic bodies
in the germ line, reflecting the elimination of cells that
are damaged beyond repair. We quantified the number
of apoptotic bodies in all knockdowns and found for
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1346Figure 1. Abnormal Radiation-Response Phenotypes in RNAi Knockdowns
(A) Schematic representation of the C. elegans body plan indicating the gonadal syncytium where mitotic nuclei mature into oocytes that upon
fertilization in the spermatheca initiate embryonic development.
(B) Nomarski image of the posterior end of one animal.
(C) Different classes of radiation-response-defective genes. In the mitotic zone, a transient cell-cycle arrest can be visualized upon irradiation of
animals in the L4 larval stage. The number of mitotic cells does not increase as the animal matures. Instead, the arrested nuclei and their
surrounding cytoplasm become greatly enlarged in size. Apoptosis is assayed by counting apoptotic corpses (stained with acridine orange)
in the bend region, here for clarity termed ‘‘apoptotic zone.’’ Apart from the empty-vector controls, the RNAi phenotypes of sex-1, B0416.5,
and D2005.5 are portrayed: sex-1(RNAi), exemplifies the class of genes required for both radiation-induced cell-cycle arrest and apoptotic
responses; B0416.5(RNAi), as an example of the class of knockdowns that have a defective radiation-induced cell-cycle arrest but are proficient
in their apoptotic response; and D2005.5(RNAi), as an example for knockdowns with a normal cell-cycle arrest but increased levels of apoptosis.
These phenotypes were quantified for all RNAi knockdowns.
(D) Representation of RNAi knockdowns with a non-wild-type cell-cycle response (five animals per condition).
(E) Representation of RNAi knockdowns with non-wild-type levels of apoptosis in irradiated (black bars) versus nonirradiated animals (white
bars). Error bars represent standard error of the mean of five animals counted.seven of the 45 genes (Figure 2E), including C. elegans
ATM, a decreased number of apoptotic bodies after irra-
diation compared to the wild-type, suggesting that germ
cells are allowed to proliferate even in the presence of
DNA damage. Interestingly, there is a complete overlap
in the subset of genes that lose the apoptotic response
(atm-1, sex-1, ina-1, F08C6.2, C25A1.6, F59C6.4, and
F43D2.1) and those that fail to trigger cell-cycle arrest.
This points toward a function for the encoded proteins
early in the DNA-damage response (like ATM), before
the decision is made whether cells arrest and repair or
go into apoptosis. The observation that four genes
(B0416.5, Y54E10BR.4, C01B7.1, and Y67D8C.5) are re-
quired for ionizing-radiation-induced cell-cycle arrest
but do not involve damage-dependent apoptosis (and
none that had the converse phenotype) suggests that
a failure to arrest is a more critical determinant for sur-
vival and provides further evidence that these two re-
sponses can be genetically separated.Human orthologs of these genes are likely to func-
tion as tumor suppressors. The identity of the human
orthologs that belong to this subclass indeed reveals
several known tumor suppressors or tumor-suppressor
regulators. ATM is mutated in the rare human disease
ataxia-telangiectasia, which is characterized by cancer
predisposition. It is the major kinase that initiates the
DNA-damage signal transduction response after expo-
sure to ionizing radiation in mammalian cells [14].
HUWE1/MULE/ARF-BP1 is a ubiquitin E3 ligase that
was recently found to regulate levels of tumor suppres-
sor p53 [15] and of antiapoptotic factor mcl-1 [16] in re-
sponse to DNA damage. The human ortholog of ina-1,
Integrin a-6 (ITGA6), is mutated in epidermolysis bullosa
[17], a blistering skin disorder sometimes accompanied
by epidermal cancers. Integrins were shown to regulate
DNA-damage-induced apoptosis through p53 [18]. Cy-
clin K, the human ortholog of F43D2.1, is a direct target
of p53 transcription [19].
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arrest, we also found two genes, rad-51 and D2005.5,
whose knockdown by RNAi results in an elevated num-
ber of apoptotic bodies, but a normal cell-cycle arrest,
upon irradiation (Figure 2E). Thus, the increased levels
of apoptosis likely reflect the failure to repair DNA dam-
age. Knockdown only of these two genes also resulted
in increased levels of apoptosis in the absence of irradi-
ation [20], likely the result of a failure to process endog-
enously (spo-11) generated DSBs that trigger meiotic
recombination [21]. Human Rad51 is the key player in
Figure 2. Classification of Identified C. elegans Genes Required for
a Proper Response to Ionizing Radiation
(A) Pie chart representing functional classes based on amino acid
motifs, previously published data, and Gene Ontology.
(B) C. elegans genes regulating radiation protection, classified by
their phenotypic response to radiation exposure (all gene knock-
downs caused increased sensitivity, as measured by brood sur-
vival). Four categories were distinguished: wild-type for cell-cycle
arrest and apoptosis; defective cell-cycle arrest, but a wild-type
apoptotic response; defective in cell-cycle arrest and apoptosis;
wild-type arrest but increased apoptosis.
(C) Comparison of sequence conservation of the 45 genes required
for protection against radiation versus 45 random C. elegans
genes. Worm genes were blasted against the human genome.
Genes were classified as homologs when their E value was below
E210. Homologs that are also bidirectional best hits are defined as
orthologs.repair of DSBs via homologous recombination. It inter-
acts with BRCA2, which is associated with hereditary
forms of breast cancer [22]. D2005.5 encodes a helicase,
and the yeast ortholog, MPH1, was shown to function in
error-free repair of DSBs [23]. Recently, a human homo-
log of MPH1 was found to be defective in Fanconi ane-
mia (complementation group M), a genetic disease
characterized by genomic instability and cancer predis-
position [24, 25].
Apart from Rad51 and MPH1, we also identified other
orthologs of proteins known to be required for DNA-
damage repair (Rad50 and RPA2, a subunit of replica-
tion protein A). Remarkably, all identified repair proteins
are implicated in homologous recombination repair
(HRR); no components of the nonhomologous end-join-
ing (NHEJ) pathway, the other major DSB repair path-
way, were found. This could mean that the essentially
error-free HR pathway is the predominant way in which
C. elegans germline cells deal with DSBs. It should be
noted that DNA-damage responses in the germline
might differ from those in somatic tissues; the exposed
target tissue consists primarily of meiotic cells that also
use homologous recombination to exchange genetic
information between homologous chromosomes. Alter-
natively, we missed NHEJ proteins for other reasons. A
noticeable drawback of C. elegans RNAi-based ap-
proaches is the concern about possible false negatives
(false positives have to our knowledge never been
found) [26]. The RNAi library used contains clones di-
rected against most (86%) but not all C. elegans genes,
and RNAi knockdown efficiency differs per gene
(w50%–90% success rate in confirming a null pheno-
type [7]). Furthermore, it is known that many DNA-dam-
age-response genes (e.g., mrt-2, hus-1, rad-5, brc-2,
atl-1, and rad-54) are essential for viability and progeny
formation in C. elegans and therefore cannot be tested
for radiation sensitivity. Finally, some known DDR genes
(e.g., cep-1) have only a rather mild radiation-sensitivity
phenotype and are thus not likely picked up by using this
phenotype. To investigate the role of NHEJ in the germ-
line, we tested deletion alleles of lig-4 and cku-80 (worm
orthologs of Lig4 and Ku80) for radiation sensitivity.
After irradiation, a wild-type response was found (data
not shown), indicating that NHEJ does not significantly
contribute to DSB repair in C. elegans germ cells. We
did, however, notice a synergistic effect on survival
upon inactivation of NHEJ (cku-80 and lig-4) and HR
(rad-51 RNAi), even in the absence of IR-induced DNA
damage (data not shown), indicating that NHEJ proteins
are functional in the C. elegans germline.
In addition to known DNA-damage-response genes,
two other gene classes stand out on the basis of amino
acid domain organization and/or published literature.
These classes encompass factors involved in chromatid
cohesion and processing of chromatin and RNA. We
found several genes involved in sister-chromatid cohe-
sion. pqn-85 is the worm ortholog of yeast SCC2, re-
quired for loading of cohesion onto chromosomes be-
fore DNA replication. Recently, mutations in the human
ortholog NIPBL were found to be associated with the
Cornelia de Lange syndrome, a multiple-malformation
disorder characterized by dysmorphic facial features,
mental retardation, growth delay, and limb-reduction
defects [27, 28]. The involvement of chromatid-cohesion
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1348Figure 3. Human Genes Required for Ioniz-
ing-Radiation Protection
(A) Colony survival of knockdown cell lines
after exposure to radiation. Error bars repre-
sent the standard deviation.
(B) Overview of cell survival after exposure to
radiation for all radiation-sensitive cell lines.
The fraction of remaining messenger after
knockdown was determined by quantitative
PCR. The standard deviation is shown for all
values. The cloning efficiency values repre-
sent the survival rates of nonirradiated cells.factors in DSB response was previously shown in yeast
[29, 30], but not in animals. The human orthologs of egr-
1 and isw-1, MTA2 and SNF2h/SMARCA5, respectively,
are components of the NuRD complex, a chromatin-
remodeling complex that is linked to loading of cohesin
onto chromosomes [31]. syp-1 is a component of the
C. elegans synaptonemal complex, a protein structure
positioned at the interface of aligned homologous
chromosomes during the pachytene phase of meiotic
prophase [32].
To our surprise, multiple genes involved in RNA pro-
cessing and trafficking were identified in the screen.
Compromised RNA processing and export in yeast
and chicken DT40 cells leads to genetic instability and
the formation of DSBs [33, 34]. It is conceivable that re-
pair of additionally induced DSBs after exposure to radi-
ation is severely hampered under these circumstances.
Alternatively, the formation of RNA:DNA hybrids after
stalled transcription and/or processing of RNA may im-
pair the repair process of radiation-induced DSBs. Both
explanations are, however, not sufficient to explain the
diversity of RNA-processing genes. We also found the
C. elegans orthologs of NOLA1, NOLA2, and NOLA3,
which are required for maturation of the RNA compo-
nent of the telomerase complex. These three proteins
are associated with dyskerin/NOLA4, which, together
with the telomerase RNA component, is mutated in dys-
keratosis congenita, a rare bone-marrow-failure syn-
drome [35]. Possibly, the failure to produce a functional
telomerase complex results in shortened telomeres,
which are known to generate signals for the DNA-dam-
age response. Also in this scenario, knockdown of these
particular genes sensitizes the cells for ionizing-radia-
tion sensitivity. This leads to the question of whether
dyskeratosis congenital patients are hypersensitive to
current cancer treatments.In total, we identified 45 genes that alter the radiation
sensitivity of C. elegans, and the presence of homologs
of known tumor-suppressor and DNA-repair loci en-
couraged us to investigate whether the newly identified
proteins also protect the human genome against ioniz-
ing radiation. The current gene set is strikingly enriched
in genes that are well conserved during evolution: 43 out
of 45 genes have clear human homologs, and 38 have
orthologs as defined by reciprocal blast analysis (Fig-
ure 2C), whereas the same analysis on a set of 45 ran-
dom C. elegans genes results in 23 human homologs,
of which 11 are orthologs. The high degree of sequence
similarity suggests that the genes are also functionally
conserved.
For each of the 43 human homologs, three different
short interfering RNAs (siRNAs) were cloned into a retro-
viral vector and subsequently introduced in a human BJ
fibroblast cell line. At present, we have established 13
cell lines that contain siRNA-producing clones against
11 genes. From these, seven lines showed significant re-
duction of the mRNA levels of the targeted locus as de-
termined by quantitative RT-PCR; four lines contained
the siRNA-producing vector, but the expression level
of the target mRNA was comparable to that in wild-
type cells (these cell lines were included as additional
controls in subsequent experiments).
Human genes for which we established knockdown
cell lines are ATM, ITGA6, and NIPBL, all mutated in hu-
man syndromes. CAND1/TIP120 is a regulator of Skp1-
Cullin-F box (SCF) E3 ubiquitin ligase complexes, which
are involved in cell-cycle control and transcription li-
censing (perturbation of several SCF pathways is linked
to human cancer [36]). NOB1 has been implicated in
both ribosome assembly [37] and proteasome biogene-
sis [38]. WWP2 is a highly conserved ubiquitin E3 ligase
with unknown function. TopBP1 participates in the DNA-
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1349damage checkpoint [39] and was recently found to inter-
act with the c-Abl proto-oncogene, which is overex-
pressed in chronic myelogenous leukemia.
We determined the radiation sensitivity of the knock-
downs by using a colony survival assay that measures
the survival of cells exposed to increasing doses of ion-
izing radiation (Figure 3A). We found that radiation sen-
sitivity was increased for all seven knockdowns tested
(Figure 3B). No increase in sensitivity was observed for
a nontarget control (siRNA directed against mouse
HIF1) or for the four cell lines that contain siRNAs that
fail to bring the cognate mRNA expression down. This
demonstrates that the genes we identified in C. elegans
are also important in radiation protection in humans.
Conclusions
A proper response to DNA double-strand breaks is per-
haps the most important safeguard mechanism for pre-
venting cancer development. Here, we have used ge-
nome-wide RNAi in C. elegans to inspect virtually all
genes in the animal’s genome and have discovered 45
genes that protect the complete animal against ionizing
radiation. We found previously identified cancer predis-
position genes, but also many novel genes, some of
which are causally implicated in human syndromes
(Cornelia de Lange syndrome and dyskeratosis conge-
ninta) not previously linked to defective DNA-damage
responses. The novel genes were strongly conserved
throughout animal phylogeny, and we directly demon-
strate biological significance for humans by showing
that knockdowns in human cells made the cells radiation
sensitive. Radiation sensitivity is important in cancer
treatment, and a complete inventory of relevant genes
is of utmost importance for future profiling and drug de-
velopment. Further work should reveal how the newly
identified genes mechanistically impinge on the inter-
connected networks of DNA-damage responses that
safeguard our genome.
Supplemental Data
Supplemental Data include Experimental Procedures and are avail-
able with this article online at: http://www.current-biology.com/cgi/
content/full/16/13/1344/DC1/.
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